A case-cohort analysis of human immunodeficiency virus (HIV)-infected individuals receiving antiretroviral therapy (ART) was performed within a multicountry randomized trial (PEARLS) to assess the prevalence of persistently elevated C-reactive protein (CRP) levels, based on serial measurements of CRP levels, and their association with HIV clinical failure. A persistently elevated CRP level in plasma (defined as ≥ 5 mg/L at both baseline and 24 weeks after ART initiation) was observed in 50 of 205 individuals (24%). A persistently elevated CRP level but not an elevated CRP level only at a single time point was independently associated with increased clinical failure, compared with a persistently low CRP level, despite achievement of virologic suppression. Serial monitoring of CRP levels could identify individuals who are at highest risk of HIV progression and may benefit from future adjunct antiinflammatory therapies.
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Antiretroviral therapy (ART)-naive and ART-experienced human immunodeficiency virus (HIV)-infected individuals
(including those who achieve virologic suppression) with higher inflammation, as measured by levels of inflammatory markers at a single time point, are at an increased risk of disease progression, including higher rates of morbidity and mortality [1] [2] [3] . A commonly used marker of inflammation, C-reactive protein (CRP), is of interest to the HIV field as a potential prognostic marker because it can be measured at relatively low cost and in many resource-limited settings, using a point-of-care assay [4] . In HIV, some but not all studies have observed an association of a single elevated CRP level with disease progression [3, 5] . However, both acute inflammation (which might subsequently resolve) and unresolved persistent inflammation can result in an elevated CRP level. Using a casecohort sample nested within a multinational randomized trial (PEARLS) of ART efficacy in ART-naive HIV-infected individuals [6] , we conducted longitudinal serial monitoring of CRP levels to assess the prevalence of and risk factors for a persistently elevated CRP level, defined as elevated CRP level before ART initiation and 24 weeks after ART initiation, and the association of CRP level with clinical failure beyond 24 weeks of ART.
METHODS

Study Population
A case-cohort study was nested within PEARLS, an AIDS Clinical Trial Group (ACTG) randomized clinical trial (ACTG A5175; clinical trials registration NCT00084136) of ART efficacy conducted between May 2005 and May 2010 [6] . In PEARLS, 1571 ART-naive HIV-infected adults (defined as individuals aged ≥18 years) with CD4 + T cell counts <300 cells/mm 3 were recruited from nine countries. Exclusion criteria and random assignment of different treatment regimens in the parent study are described in detailed elsewhere [6] . Following ART initiation, participants were closely followed through week 96 after ART initiation. A case-cohort design was chosen as it allows for the estimation of prevalence and the relationship between the factor of interest and multiple outcomes [7] . Our full case-cohort study included 255 individuals (58 cases and 197 controls), of whom 205 were from the randomly selected subcohort sample (Supplementary Figure 1) . Cases had clinical failure, defined as an incident World Health Organization (WHO) stage 3 and 4 event or death 24-96 weeks after ART initiation. As a secondary analysis, we limited analyses to 222 individuals (42 cases and 180 controls; also referred to as the virologically suppressed case-cohort) who achieved virologic suppression (defined as a plasma HIV RNA level of <400 copies/mL) at week 24 (Supplementary Figure 1 ). Another secondary analysis included the comparison of individuals who had elevated CRP levels at weeks 0, 24, and 48 relative to individuals with low CRP levels at all 3 times.
Ethics Statement
Department of Health and Human Services guidelines on human experimentation were followed. Ethics committees and institutional review boards from Johns Hopkins University and participating site institutions approved this study.
Data Collection and Laboratory Analysis
Standardization across all sites and rigorous criteria were used to obtain clinical history from patients at baseline, 2 weeks after ART initiation, 4 weeks after initiation, and every 4 weeks thereafter, through 24 weeks after initiation, and every 8 weeks thereafter [6] . Laboratories for which external quality assurance was achieved measured CD4 + T-cell counts, serum hemoglobin levels, and serum albumin levels as previously described [6] . Using archived plasma that had been collected at baseline and 24 weeks after ART initiation, we measured plasma CRP levels at Johns Hopkins University, using an enzyme-linked immunosorbent assay kit (R&D Systems, Minneapolis, Minnesota).
Definitions
A persistently elevated CRP level was defined as a CRP level of ≥ 5 mg/L at both baseline and 24 weeks after ART initiation in the primary analysis and at baseline, 24 weeks after initiation, and 48 weeks after initiation in a secondary analysis [8] . WHO cutoffs for sex-specific hemoglobin level (males, <13.0 g/dL; nonpregnant women, <12.0 g/dL) and albumin level (<3.5 g/ dL) were used to define anemia [9] and hypoalbuminemia [10] .
Statistical Analysis
Prevalence was estimated using the random subcohort. Differences in prevalence of persistently elevated CRP levels, stratified by categorical covariates, were assessed in the full case-cohort by weighted chi-squared tests with inverse probability weights, using Stata, version 13), with similar results observed from a Fisher exact test of the random subcohort. Univariable and multivariable Cox proportional hazards models, using S-plus Tibco Spotfire, version 7.2), were used to determine the association of persistent inflammation with clinical failure. The Cox models were stratified by country and treatment, and we accounted for this stratification by robust standard errors and Barlow weighting [7] .
RESULTS
Prevalence and Correlates of Persistently Elevated CRP Level
Using the randomly sampled subcohort of 205 individuals, 91 (44%) had persistently low CRP levels, 33 (17%) had low CRP levels at baseline but elevated CRP levels at 24 weeks, 31 (15%) had elevated CRP levels at baseline but low CRP levels at 24 weeks, and 50 (24%) had persistently elevated CRP levels at both baseline and week 24 after ART initiation. Prevalence was similar when this analysis was limited to individuals who had virologic suppression 24 weeks after ART. Median CRP values at baseline and week 24 for the group with persistently elevated CRP levels were similar to those of the other groups who had elevated CRP levels at either baseline or week 24 (Supplementary Figure 2A and 2B), suggesting that this group was different not because it had higher levels of CRP but because it had persistently elevated CRP levels. Among several covariates tested, anemia (P = .0004) and hypoalbuminemia (P = .0001) were the only risk factors significantly associated with persistently elevated CRP levels ( Table 1) .
Association of Persistently Elevated CRP Level With Clinical Failure
Of 58 cases, 36 (62%) had WHO stage III events (of which 16 had pulmonary tuberculosis), 17 (29%) had WHO stage IV events (of which 5 had extrapulmonary tuberculosis), and 5 (9%) died. Individuals who had an elevated CRP level at baseline only or at 24 weeks and had no clinical failure had a survival curve similar to that for individuals with a persistently low CRP level (Supplementary Figure 3A) . However, individuals with a persistently elevated CRP level had a substantially lower survival rate (Supplementary Figure 3A) . Table 2 ).
This association of a persistently elevated CRP level with an increased hazard of clinical failure relative to that for individuals with a persistently low CRP level was further confirmed (Supplementary Figure 3B ) in both the full cohort (adjusted HR, 15.92; 95% CI, 2.56-98.59), as well as in individuals who had virologic suppression 48 weeks after ART initiation (adjusted HR, 35.1; 95% CI, 2.91-423), even when the definition of persistently elevated CRP level was modified to include individuals with a high CRP level at weeks 0, 24, and 48 after ART initiation.
DISCUSSION
Using serial measurements of CRP levels before and 24 weeks after ART initiation, we showed that the prevalence of persistently elevated CRP levels was approximately 25% in our study of HIVinfected adults from predominantly low-income and middleincome settings and that anemia and hypoalbuminemia were risk factors for persistently elevated CRP levels. Importantly, individuals with persistently elevated CRP levels (despite achievement of virologic suppression), but not individuals with elevated CRP levels at only 1 time point, had an increased risk of clinical failure between week 24 and week 96 after ART initiation as compared to individuals with persistently low CRP levels. Our results suggest that serial CRP measurements within the first year of ART could be particularly useful to identify HIV-infected adults at highest risk of subsequent treatment failure and those who might benefit from approaches to reduce inflammation.
In our study, median CRP levels before ART were similar to those after ART. Our results suggest that looking at only median CRP values is not sufficient to identify the various risk groups where certain individuals change their inflammation status after ART while others do not. Whether anemia and hypoalbuminemia, risk factors identified in this study, lead to persistent inflammation or are a result of persistent inflammation remains to be determined. Other potential risk factors for persistent inflammation, including concurrent infections and low-level viremia not detected by our assay, warrant further study.
There is continued debate about the predictive role of a crosssectional measure of the CRP level in HIV-infected adults because the level of CRP can be transiently elevated during a variety of acute illnesses and thus is nonspecific [3, 5] . In contrast to cross-sectional measures, serial measurements of CRP Abbreviation: ART, antiretroviral therapy. a Defined as an elevated CRP level (ie, ≥5 mg/L) at both week 0 and week 24 after ART initiation. b By weighted χ 2 tests, using inverse probability weights.
c Defined as the weight in kilograms divided by the height in meters squared.
d An albumin level of ≤3.5 g/dL was used to define hypoalbuminemia. e Sex-specific hemoglobin level cutoffs (males, <13.0 g/dL; nonpregnant women, <12.0 g/dL) were used to define anemia.
levels have been shown to have prognostic value in several conditions, including cardiovascular diseases [11] . However, this is the first study, to our knowledge, to use serial measurements of CRP levels among HIV-infected individuals to categorize individuals into different risk groups and identify a subset of individuals with persistently elevated CRP levels to be at much higher hazards of future treatment failure. The biological mechanism for the relationship of a persistently elevated CRP level with HIV treatment failure could be explained through its involvement in general inflammation [12] , where persistent inflammation is known to increase risk factors for HIV disease progression: oxidative stress, anemia, and micronutrient deficiency, among others [13] [14] [15] . Whether CRP level has any specific effects in addition to the general effects of inflammation remains to be determined.
An alternate explanation is that CRP levels are elevated because of underlying occult opportunistic infections, which could then precipitate treatment failure. However, this does not seem to be the case in our study, as individuals with persistently elevated CRP levels had a similar median time to clinical failure (52-55 weeks) and a similar number of events by 36 weeks after ART initiation as the other groups (we would have expected occult infections to present symptoms by this time).
Importantly, we show that individuals with an elevated CRP level at just 1 time point are not at an increased risk of treatment failure, and this might represent individuals with an acute infection at 1 time point that is resolved during the other time point. In contrast, individuals with a persistently elevated CRP level likely represent individuals with an advanced disease stage in which inflammation is not being controlled despite ART-induced viral suppression. As CRP values could decrease and increase again within 24 weeks for some individuals, our data suggests that, while every individual might not truly have had a persistently elevated CRP level, this is powerful approach to identify groups at highest risk who could benefit from antiinflammatory treatments (eg, statins) and more-intense monitoring.
Because this was a not a randomized controlled trial, we may have had unmeasured confounders and cannot prove causal relationships. However, our prospective design is a strength of our study. Another limitation is that we only measured the CRP level at 2 different time points and 24 weeks apart. However, this relationship was also confirmed when we measured the CRP level at 3 different times. Another limitation is the potential for survivor bias, as the exposure definitions only allowed for the inclusion of participants who did not have clinical failure before 24 weeks of treatment. However, it is unlikely that this would have affected the direction of the effect size, as an elevated baseline CRP level was present in a higher proportion of individuals who had clinical failure prior to 24 weeks after ART initiation (52%), compared with individuals who had clinical failure 24 weeks after ART initiation (40%), suggesting that our effect size is actually an underestimation. Nevertheless, our conclusions remain consistent for individuals who do not die or did not respond to treatment during the first 24 weeks of ART. An elevated CRP level (ie, ≥5 mg/L) at baseline and week 24 after ART initiation was used to categorize individuals into one of 4 groups: (1) low CRP level at baseline and week 24 after ART initiation, (2) low CRP level at baseline and elevated CRP level at week 24, (3) an elevated CRP level at baseline and a low CRP level at week 24, and (4) elevated CRP levels at baseline and week 24 (ie, persistently elevated CRP level). The association of these groups with clinical failure, relative to the group with low CRP levels at baseline and week 24, was assessed using univariable and multivariable Cox regression models.
Abbreviations: ART, antiretroviral therapy; BMI, body mass index; CI, confidence interval. a Adjusted for sex, age, BMI, CD4 + T-cell count, viral load, and prior tuberculosis.
b Conducted on the final case cohort (n = 255) for primary analysis.
c Adjusted for sex, age, BMI, CD4 + T-cell count, viral load, and prior tuberculosis, hemoglobin level, albumin level, prior/current AIDS at baseline, and prevalent tuberculosis at baseline.
d Limited to subjects who achieved viral suppression at week 24 after ART initiation (n = 222).
We conclude that a persistently elevated CRP level is associated with increased clinical failure, including among individuals with viral suppression, and that serial monitoring of CRP is a potentially useful approach for identifying individuals at highest risk for clinical failure. Future studies are needed to determine whether CRP and inflammation is causal and whether appropriate antiinflammatory interventions can reduce HIV disease progression.
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